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Becoming a de novo gene
Analysis of genomes, transcriptomes and proteomes from recently diverged rice species provides mechanistic 
insight into the process of de novo gene origination.

Erich Bornberg-Bauer and Brennen Heames

The precise mechanisms by which  
new eukaryotic protein-coding genes 
arise, and how these genes attain 

beneficial function such that they are 
retained over long time scales, have been 
intensively studied. Over the last decade, it 
has become apparent that new genes may 
emerge de novo from parts of eukaryotic 
genomes that were previously non-coding, 
such as intergenic regions1,2. Writing in 
Nature Ecology & Evolution, Zhang et al.3 
provide support for de novo gene emergence 
in rice and highlight its importance as a 
driver of functional novelty.

Traditionally, the development of new 
protein functionality has been ascribed 
to gene duplication and subsequent 
specialization4 — for example, by  
differential expression of paralogues, or 
protein sequence divergence5. In addition, 
modular rearrangement of domains — the 
structural, functional and evolutionary  
units of proteins — has also been identified 
as a major source of novel functionality6. 
While growing evidence supports de novo 
gene origination as another source of  
genetic and functional diversity in many  
taxa, this mechanism remains a controversial 
one with many unresolved questions.  
One topic of debate concerns how de novo 
genes, which are typically short and evolve 
rapidly, can be distinguished from short 
duplicated genes that also evolve rapidly7. 
Additionally, the mechanism by which  
de novo genes are generated is unclear: 
do they typically arise from pre-existing 
transcripts (long non-coding RNAs or 
something else), or are open-reading 
frames (ORFs) that occur by chance in the 
genome taken as the raw material for gene 
emergence8? Lastly, from a biophysical 
perspective, it is puzzling that a non-
optimized random sequence could yield 
a non-deleterious protein that can rapidly 
become functional and be retained9, 
although experimental studies have recently 
shown that this is possible10.

Zhang et al. approach some of these 
questions by comparing the rice genome 
with those of ten closely related plants 
that represent speciation events ranging 

from 0.4 to 14.3 million years ago. Such 
dense phylogenetic coverage is essential to 
find homologous non-coding sequences 
of de novo genes in outgroup genomes, 
given that non-coding DNA rapidly 
diverges beyond recognition. As such, the 
authors provide a thorough study on the 
origins of genetic novelty in plants and 
thus confirm that de novo emergence is 
universally frequent across eukaryotes. 
Importantly, by incorporating high-depth 
RNA expression data, they are able to 
show that new transcripts and ORFs are 
created independently, with the former at 
a much higher rate (Fig. 1). This suggests 
a ‘transcription-first’ model of de novo 
emergence and aligns with evidence that 
pervasive transcription in mammals results 

in a constant turnover of new transcripts11. 
While most of these sequences are rapidly 
lost, a few gain stable translation, and those 
sequences are retained without substantial 
change in their protein properties12. Finally, 
and perhaps most importantly, Zhang et al.  
confirm expression of de novo proteins 
using high-sensitivity mass spectrometry.

The authors’ data impressively 
demonstrate that de novo genes are both 
transcribed and translated, yet several issues 
remain to be addressed: first, while the 
authors report signals of selection in about 
10% of rice de novo genes, the remainder 
appear to be evolving neutrally. Accordingly, 
the functional role of de novo genes deserves 
further attention in the future. Furthermore, 
the true rates of emergence, retention 
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Fig. 1 | Stepwise emergence of a de novo gene. Zhang et al.3 estimate a birth rate of 51.5 de novo genes 
per million years in rice. The authors reconstruct the stepwise process by which these genes emerged. 
They show that the gain of transcription (red circle in the phylogeny) typically precedes acquisition of 
an ORF (blue circle in the phylogeny). In this example of a rice-specific de novo gene, a short deletion 
(when compared with the syntenic region of closely related species) has brought start and stop codons 
in-frame to form an intact ORF (blue sequence segment) in Oryza sativa subspecies japonica. This 
transcribed ORF will now be subject to translation in the cell, giving rise to protein products free to 
acquire new functionality and drive adaptation. Importantly, Zhang et al. also validate the translation of 
many rice de novo genes using mass spectroscopy, providing evidence for their functionality. The protein 
structure was adapted from https://www.rcsb.org/structure/1PGA.
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and loss of de novo genes remain unclear, 
particularly for genes generated through 
duplication. Zhang et al. report 175 de 
novo genes present in rice, amounting to 
ca. 51.5 de novo genes retained per million 
years. However, given the presumed high 
rate of gene loss and the fact that, after 160 
million years of divergence, over 70% of 
the >33,000 genes in rice have detectable 
homologs in Arabidopsis13, such figures 
should be read with caution. More likely 
is an even higher rate of gene creation, 
with retention following speciation; given 
a small initial population size and a period 
of fast adaptation, neutral and slightly 
deleterious mutants (including de novo 
genes) should have a higher likelihood of 
not being purged. Additionally, in light of 
known rates of duplicate gene retention, it 
seems probable that — over much longer 
evolutionary timescales — duplicated genes 
are more likely to be kept than those that 
emerge de novo.

To tackle these unresolved issues, we need 
deep-coverage transcriptome sequencing of 
closely related species, the results of which 
can be mapped to high-quality genomes 
for thorough comparison. Furthermore, 
de novo proteins should be analysed from 
a structural perspective to understand 
how random sequences may act as starting 
points for evolutionary optimization. 
Such insights will provide impetus to both 
structural biology and protein design. Finally, 
the fitness benefits of individual de novo 
proteins should also be determined. All this 
makes for a challenging task, which is made 
harder because of scarce information on 
the function of de novo genes — but only 
with this knowledge will we have a complete 
picture of the origins of genetic novelty. ❐
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